The structural and nanochemical properties of thin AlOx layers are decisive for the performance of advanced electronic devices. For example, they are frequently used as tunnel barriers in Josephson junction-based superconducting devices. However, systematic studies of the influence of oxidation parameters on structural and nanochemical properties are rare up to now, as most studies focus on the electrical properties of AlOx layers. This study aims to close this gap by applying transmission electron microscopy in combination with electron energy loss spectroscopy to analyze the structural and nanochemical properties of differently fabricated AlOx layers and correlate them with fabrication parameters. With respect to the application of AlOx as tunnel barrier in superconducting Josephson junctions, Al/AlOx/Al-layer systems were deposited on Si substrates. We will show that the oxygen content and structure of amorphous AlOx layers is strongly dependent on the fabrication process and oxidation parameters.
I. INTRODUCTION
Aluminum oxide (AlOx) layers are important components of several state-of-the-art electronic devices and decisive for their electronic properties. Thin AlOx-tunnel barriers with a thickness of ~2 nm are widely used in Al/AlOx/Al-based Josephson junctions (JJs) for superconducting electronic devices like superconducting quantum bits, single-electron transistors, single-photon detectors, radiation detectors and superconducting quantum interference devices in magnetometers [1] [2] [3] [4] [5] [6] [7] . Amorphous AlOx layers with a thickness of a few nanometers are used as gate dielectrics in high-gain graphene field-effect transistors [8, 9] , as gate oxide in III-V compound semiconductor-based field-effect transistors [10, 11] or as layers in non-volatile resitive switching random access memories [12, 13] . The structural and nanochemical properties of AlOx layers have a significant influence on the performance of these devices. For example, AlOx-layer thickness variations and structural defects in AlOx-tunnel barriers of JJs cause noise and limit the detection sensitivity of superconducting interference devices and coherence times in quantum bits [14] [15] [16] [17] [18] [19] [20] .
Amorphous AlOx layers are fabricated by static or dynamic oxidation of electron-beam evaporated Al layers in deposition systems with a base pressure in the high-vacuum (HV) regime. Static oxidation is performed with a fixed O2-partial pressure whereas a constant O2 flow is used under dynamic oxidation conditions. The oxidation process is a self-limiting process with fast oxidation during the initial stage, followed by saturation of oxide-layer growth and decreasing oxidation rate towards zero which can be described by the Cabrera-Mott model [21] [22] [23] [24] . Self-limiting oxide growth is advantageous for AlOx-tunnel barriers in JJs because it provides a high degree of reproducibility, which is mandatory for large-scale fabrication.
Numerous studies were performed to correlate oxidation conditions and critical current in JJs.
Specifically, the influence of temperature [25] and oxygen pressure during static oxidation [26] [27] [28] and both combined [29] [30] [31] were studied. Variations of the critical current are usually attributed to the variation of the AlOx-layer thickness [32, 33] . However, AlOx composition variations and changes of the Al-O coordination, i.e. the average number of bonds between Al and O, could also affect the resistivity of the tunnel barrier and require atomic-scale analyses of the AlOx composition. Only few studies of nanochemical AlOx properties exist. For example, using nano-beam electron diffraction in a transmission electron microscope Zhang et al. [34] demonstrated oxygen deficiency at Al/AlOx interfaces of AlOx tunnel barriers.
To obtain information on the properties of the amorphous AlOx layers on the nanoscale, this work is concerned with the correlation of the AlOx-oxidation conditions with the structural and nanochemical AlOx properties investigated by transmission electron microscopy (TEM) combined with electron energy loss spectroscopy (EELS).We have investigated in particular the oxygen concentration and potential conditions that can lead to crystalline Al2O3. The latter goal is motivated by the observation that quantum bits containing an epitaxially grown crystalline Al2O3 tunnel barrier show a reduced density of two-level systems [35] and reduced coupling strength [36] . These observations emphasize once more the importance of the structural and nanochemical properties of AlOx-tunnel barriers with respect to the optimization of superconducting devices based on JJs.
Our previous work on the optimization of Al/AlOx/Al-layer systems for JJs has demonstrated that AlOx-tunnel barriers with highly homogeneous thickness can be obtained on an epitaxial Al(111) lower electrode layer grown on Si(111) substrates [37] . Epitaxial Al(111) is essential to provide a flat surface which is well suited for oxidation and leads to significantly reduced thickness variations of the amorphous AlOx-tunnel barrier. In the present work, we focus on the oxidation parameters (substrate temperature and oxygen pressure), which are correlated with structural and nanochemical AlOx properties in different Al/AlOx/Al-layer systems. Most of our growth experiments were performed in a standard HV electron-beam physical vapor deposition system. Al/AlOx/Al-layer systems were also fabricated by reactive sputter deposition. Structural and nanochemical properties were investigated by high-resolution (HR)TEM in combination with EELS. We will demonstrate that the oxygen content and the structure of the AlOx layer is strongly dependent on the fabrication process and the applied oxidation parameters. Dynamic and static oxidation of Al in an oxygen environment yields oxygen-deficient amorphous AlOx layers, where the stoichiometry ranges from AlO0.5 to AlO1.3 depending on oxygen pressure and substrate temperature. EELS analyses demonstrate that the Al-O bonding characteristics change for different substrate temperatures indicating a structural change towards crystalline structures for oxidation temperatures above 200 °C.
II. METHODS
The majority of the investigated Al/AlOx/Al-layer systems were fabricated in a single-chamber MEB 550S (PLASSYS Bestek, Marolles-en-Hurepoix, FR) electron-beam physical vapor deposition system with a base pressure of 10 -7 mbar in the HV regime. It is equipped with a sample-plate heater for heating the substrate up to 700 °C, an UV lamp for oxidation enhancement and a Kaufman source to generate an Ar/O-plasma for removing carbonaceous contamination from the substrate or plasma-enhanced oxidation.
The fabrication process is in detail described in the Supplementary Information and in [37, 38] .
Briefly, the 100 nm thick lower Al layer was deposited on cleaned Si(001) and Si (111) substrates by electron-beam evaporation at a chamber pressure of 8 -12·10 -8 mbar. Epitaxial Al growth was obtained on Si(111) substrates pretreated by an HF-dip and 700 °C annealing in combination with Al-deposition temperatures ≤ 100 °C and Al-deposition rates ≥ 0.5 nm/s, which results in Al-layer thickness variations of less than  2 nm over lateral distances of ~15 µm [37] . After Al deposition, different oxidation methods and parameters were applied to form the AlOx layer. By varying the oxidation parameters, we aim to correlate the oxidation parameters with structural and nanochemical properties of different AlOx layers. We note that many studies consider the oxygen exposure, i.e. the product of oxidation time and oxygen pressure, as a decisive parameter [28, 32] . However, we consider the effect of oxidation time to be negligible as long as the oxidation time is long enough to reach the saturation regime for the AlOx thickness [25, 26, 29] . The timeframe in which the saturation regime and the selflimiting thickness of the AlOx-layer is reached can vary considerably depending on the experimental setup. For example, the self-limiting thickness can be reached within less than 4 min as demonstrated by Jeurgens et al. [25] , but it can also take more than 200 min [26] . To estimate the timeframe for our experimental setup, we fabricated three samples with identical oxidation temperatures of 250 °C and oxygen pressures of 0.3 mbar but with varying oxidation times of 20 s, 5 min and 30 min. The sample with an oxidation time of 20 s shows an AlOx thickness of 1.140.10 nm. It increases to 1.590.11 nm for an oxidation time of 5 min and essentially remains constant for longer oxidation times (30 min, AlOx-thickness of 1.570.12 nm). Thus, we conclude that the saturation regime is reached within less than 5 min and oxidation times exceeding 5 min will not have an impact on the structural and nanochemical properties of the AlOx layers. Table I summarizes the conditions for differently fabricated samples. Dynamic oxidation for 12.5 min at room temperature was applied for samples EBPlas and EBPlas-UV grown on Si(001) substrates with a constant oxygen flow of 10 and 12.7 sccm. For EBPlas-UV, additional UV-light illumination was used to enhance the oxidation process. Static oxidation was applied for samples deposited on Si(111), where the oxygen pressure was varied between 0.3 mbar and 9.5 mbar. Substrate temperatures during oxidation were either 70 °C or 250 °C (cf . Table I with sample denotations EBPlas-70|0.3, EBPlas-70|9.5, EBPlas-250|0.3 and EBPlas-250|9.5).
Independent of oxidation type and parameters, the oxidation process is self-limiting and yields
AlOx layers with a thickness below 2 nm [32, 37] . However, thicker AlOx layers are required for quantitative chemical analysis due to limitations of the used transmission electron microscope with an electron-beam diameter of 1.8 nm (cf. Table I were produced with 15 -20 nm AlOx layers by iterative oxidation. After the first oxidation step, 1 nm Al is deposited and oxidized under the same conditions. This process is repeated for up to 15 times using the same oxidation conditions for each iteration until the desired AlOx-layer thickness is reached. In the last step, a 100 nm thick upper Al layer was deposited using the same Aldeposition parameters as for the lower Al layer.
Supplementary Information). For this reason, the samples listed in
An additional sample, denoted as EBPlas-250|0.3|JJ, was fabricated with identical oxidation parameters as EBPlas-250|0.3 (250 °C and 0.3 mbar) but with only a single oxidation step to obtain a ~2 nm thin AlOx-tunnel barrier to analyze differences between ~20 nm thick AlOx layers and thin AlOx-tunnel barriers. pellets. Sample ReSput was grown in a home-built sputter deposition system. An Ar plasma was used for sputter deposition of the lower and upper Al layer, while an Ar/O-plasma (9:1 mixture) was used for sputter deposition of the AlOx layer.
Cross-section specimens for TEM were prepared for all samples by conventional mechanical preparation techniques as described by Strecker et al. [39] using Ar + -ion milling with a Gatan 691 PIPS (Gatan Inc., Pleasanton, USA) as final preparation step.
Transmission electron microscopy (TEM) was performed with an FEI Titan³ 80-300 (Thermo EELS was performed in the scanning (S)TEM mode using a self-written acquisition script including binned-gain averaging [41] to enhance the signal-to-noise ratio. Chemical composition quantification is based on the k-factor method [38, 42, 43] using crystalline -and -Al2O3 as reference materials.
EELS measurements were also performed with a probe-corrected FEI Titan 80-300 (Thermo EELS acquisition conditions and the subsequent analysis process are in detail described in ref.
[38] and in the Supplementary Information.
III. RESULTS AND DISCUSSION

A. Morphology and structure of the AlOx layers
The morphology of the AlOx layers is predominantly determined by the morphology of the lower Al layer. Our previous work has demonstrated that thickness variations of AlOx-tunnel barriers are directly correlated with thickness variations of the lower Al layer, which can be minimized by epitaxial growth of Al(111) on Si(111). Under optimized conditions [37] thickness fluctuations of the AlOx-tunnel barrier are reduced to  0.11 nm over lateral distances of about 15 m. fluctuation of the deposition rate or delays during the closure of the mechanical shutter. We assume that the Al does not grow as a homogeneous 1 nm thick layer, but rather forms islands with different height, which locally may prevent complete oxidation of the islands.
The data in Table II clearly second mechanism could be responsible for the amorphous-to-crystalline transition. After sputter deposition of the lower Al layer with a pure Ar plasma, additional oxygen was added to the plasma. As usual for sputter deposition, a pre-sputter process with closed shutter was performed to homogenize the deposition rate and remove possible contamination from the sputter target prior to the actual deposition process. Although the material cannot be deposited on the sample, oxygen atoms from the plasma still can reach the Al surface and oxidize it. The oxidation condition is then comparable to plasma-enhanced static oxidation, which was also applied in our Plassys system and resulted in a ~5 nm thick amorphous AlOx layer [37] . Hence, the measured thickness of ~9 nm of the amorphous AlOx sublayer in ReSput excludes that it is solely formed by the second process. We suggest that the first few nm of the amorphous sublayer is formed during pre-sputtering by oxidation from the Ar/O plasma. After opening the shutter, the AlOx layer continues to grow in an amorphous structure until the thermodynamic driving force is high enough to cause the transition to the crystalline -phase. The layer then continues to grow in the crystalline phase until the reactive sputter process is stopped.
A transition from the amorphous to the crystalline phase was only observed in sample ReSput fabricated by reactive sputter deposition, although such a transition was previously reported to occur during static oxidation in an ultrahigh vacuum (UHV) system [49] . We did not observe an amorphous/crystalline transition in our static-oxidized AlOx layers and assume that it is prevented by the iterative Al-deposition/oxidation process and the lack of a UHV environment in our deposition system. Residual adsorbates on the Al surface may disturb the crystallization process and thus prevent the transition to the crystalline phase. However, our sputter deposition system is also not operated under UHV conditions, but oxidation conditions differ substantially from static and dynamic oxidation. The Ar/O plasma contains energetically activated O ions instead of O2 molecules. O ions react more strongly with Al atoms resulting in a higher oxygen content, which then is expected to lower the energy barrier for the transition to stoichiometric crystalline Al2O3.
B. Chemical composition, Al-O bonding characteristics and near-range order of AlOx
The present study is motivated by the goal to achieve more detailed information on the correlation between deposition conditions, chemical composition and structural characteristics of differently fabricated AlOx layers, which can be obtained from EELS and energy-loss nearedge structure (ELNES) analyses of the Al-L2,3 and O-K ionization edges acquired in a transmission electron microscope (for experimental details see Supplementary Information). The spectra also differ considerably in the intensity and position of the two peaks corresponding
to tetrahedral-and octahedral-coordinated Al sites and the existence of the intermediate-range order peak at 84 eV. The lack of the latter is typically associated with an amorphous structure as observed for EBPlas, EBPlas-UV and EBPlas-70|0.3, where the oxidation took place at low temperatures (room temperature or 70 °C) and low oxygen pressures (0.3 mbar and below, cf. Table I ). The tetrahedral peak shifts to lower and the octahedral peak to higher energies for these three samples. According to Bruley et al. [53] , the ratio of Al atoms with tetrahedral and octahedral coordination can be calculated by the evaluation of peak intensities in crystalline Interestingly, the spectrum denoted as ReSput (GB) (purple dotted line in Figure 4b ), which was acquired at a grain boundary between two -Al2O3 grains in ReSput, deviates drastically from the other spectra. A sharp and intense pre-peak at 530.6 eV arises and the main peak is split into maxima at 539.6 eV and 541.9 eV. This indicates a change of bonding between Al and O atoms. In fact, the ELNES can be associated to the presence of O-O bonds because the spectrum perfectly agrees with soft x-ray emission spectroscopy, x-ray absorption spectroscopy or EELS data of molecular oxygen [55] [56] [57] . The peak at 530.6 eV can be assigned to the excitation of the  orbitals and the peaks at 539.6 eV and 541.9 eV to the excitation of  resonances [56] . We note that such ELNES features were only found at grain boundaries between -Al2O3 grains in EBLes and ReSput. The spectrum does not arise or change during electron-beam illumination and therefore does not result from electron-beam damage. This implies that the molecular oxygen is inherently present at the grain boundaries in -Al2O3 layers fabricated by reactive sputter deposition and electron-beam evaporation of Al2O3.
In addition to the analysis of ELNES fingerprints, the EELS spectra can be used to determine the chemical composition by the evaluation of the integrated intensities of the Al-L2,3 and O-K edges (cf. Supplementary Information) . Figure 5 shows the oxygen content x of the different AlOx layers with x = 1.5 corresponding to stoichiometric Al2O3. All amorphous layers are oxygen deficient as expected from previous experimental work [34, 38, 58] and simulations [54] . Dynamic oxidation with a low oxygen pressure of 15 µbar (EBPlas) shows an oxygen content of only x = 0.5. However, HRTEM images (cf. Figure 4b) .
The most striking observation revealed by ELNES in differently fabricated AlOx layers is the gradual transition from an amorphous state to a state that shows crystalline features at high oxidation temperature and oxidation pressure, although HRTEM images still suggest purely amorphous AlOx (cf. Figure 2d Overall, we conclude that the AlOx layers of EBPlas-250|0.3 and EBPlas-250|9.5 have an amorphous structure as they are still oxygen deficient (cf. Figure 5 ). However, the bonding characteristics of individual atoms deviate only marginally from those of crystalline Al2O3 and exhibit only slightly broadened ELNES fingerprints compared to the crystalline structure. Thus, the requirements for the transition of larger regions into crystalline grains are almost fulfilled.
We suggest that the amorphous/crystalline transition can be triggered by a slightly higher oxygen content or/and improved vacuum conditions.
C. Comparison of structural and nanochemical properties of thin and thicker AlOx layers
AlOx-tunnel barriers in JJs require maximum thicknesses  2 nm, which can be fabricated by a single dynamic or static oxidation process. Due to experimental limitations, thicker AlOx layers were used for composition analysis applying an iterative Al-deposition/oxidation process, which may has modified the AlOx properties leading to differences between thin and thicker AlOx layers. To assure that the results concerning structural and nanochemical properties of thick AlOx layers are also valid for tunnel barriers, possible differences and their influence on AlOx properties will be discussed in this Section. The oxygen content in the center of the tunnel barrier (x = 1.250.10) and the thick layer (x = 1.220.13) agree well within the error limit. A major difference between thin and thick AlOx layers is the ratio between 'interface' and 'bulk' regions. Hence, all EELS spectra were acquired in 'bulk' regions in the center of the AlOx layer, where the influence of the Al/AlOx interface is the lowest. HRTEM images of EBPlas-250|0.3|JJ (cf. Figure 1 The homogeneity of the oxygen distribution throughout the 'bulk' AlOx can be visualized by O-concentration profiles obtained from EELS linescans (cf. Figure 6 ). The oxygen content of the AlOx-tunnel barrier (cf. Figure 6a) shows broadened interface regions of about 1 nm. This is larger than expected from the HRTEM images. However, the diameter of the electron probe However, even if the absolute O contents may deviate, the effect of temperature and oxygen pressure observed for thicker AlOx layers -higher temperature and higher oxygen pressure yield a higher oxygen content -will also pertain for the AlOx-tunnel barriers in JJs.
IV. CONCLUSIONS
The structural and nanochemical properties of AlOx layers in Al/AlOx/Al-layer systems are correlated with the oxidation parameters in this work. With a thickness of ~2 nm, AlOx layers can be used as tunnel barriers in superconducting devices, and the results of this work can be considered as guidance to optimize the AlOx properties in JJs. Our work demonstrates that structure and oxygen content of AlOx layers can be tuned by the oxidation technique, oxidation temperature and oxygen pressure as summarized in the following: Independent of oxidation conditions, the oxidation process is self-limiting and yields AlOx layers with a thickness below 2 nm, which is an ideal tunnel-barrier thickness for JJs. However, thicker AlOx layers are needed for quantitative chemical analysis due to limitations of the used transmission electron microscope (cf. Supplementary Information section B ). For this reason, the samples listed in Table I (main part of with an Ar flux of 19 sccm and a rate of 0.5 to 0.6 nm/s at a chamber pressure of 10 -3 mbar. The
Al target was also used for sputter deposition of the AlOx layer with a thickness of about 25 nm by using an Ar/O-plasma (9:1 mixture) at 10 sccm in addition to an increased Ar flux of 33 sccm at a pressure of 1.4·10 -2 mbar resulting in a AlOx-deposition rate of 0.45 nm/s.
B. Transmission electron microscopy and electron energy loss spectroscopy
Transmission electron microscopy (TEM) was performed with an FEI Titan³ 80-300 (Thermo (HR)TEM images with simulated diffraction patterns using the JEMS software [40] .
For our experimental setup, which is optimized in respect of a high S/N-ratio for EELS measurements, the diameter of the electron probe (diameter which contains over 90% of the electrons in the beam) in our TEM is ~1.8 nm, which is about the same size than the AlOxtunnel barrier thickness. Thus, due to unpreventable small sample and beam drifts during the measurement, the electron beam will not only be focused on the AlOx layer but also interact with the lower and upper Al layer, and EELS spectra will contain signals of both pure Al and
AlOx. This effect can be enhanced by an Al/AlOx interface that is not perfectly parallel to the electron-beam direction, either by misalignment of the sample (more than 0.5° tilt between the electron beam and the Al/AlOx interface) or by thickness variations of the Al and AlOx layers.
To avoid contributions from the Al layers, EELS spectra were acquired in thicker AlOx layers, which were fabricated by iterative oxidation and Al deposition. Furthermore, beam-induced damage like carbon contamination, oxygen loss, recrystallization or hole drilling by extended illumination of the same spot with the focused electron beam can be minimized in the thicker AlOx layers by acquiring spectra in a window of about 3x5 nm² in the center of the AlOx layer.
With the beam continuously scanning over such a region, this leads to a significantly enhanced signal-to-noise ratio in electron energy loss spectra. 
